T he wide use of nonlinear loads, such as front-end rectifiers connected to the power distribution systems for dc supply or inverter-based applications, causes significant power quality degradation in power distribution networks in terms of current/voltage harmonics, power factor, and resonance problems. Passive LC filters (together with capacitor banks for reactive power compensation) are simple, low-cost, and high-efficiency solutions. However, their performance strongly depends on the source impedance and can lead to unwanted resonance phenomena with the network [1] . In addition, passive solutions are not effective for applications in which the nonlinear load exhibits fast transients.
During the last decade, the reduced cost and increased reliability of power electronics and digital signal processor (DSP) technology have driven new interest in active filtering. In the case there are nonlinear current-source loads, the shunt active power filter (APF) is considered an effective solution for reducing the current harmonics for low to medium power applications [1] [2] [3] [4] [5] . Active filtering is advantageous where a fast response to dynamic load changes is required [5] . In addition, the shunt APF represents a versatile powerconditioning tool since it is able to compensate the load reactive power and the load imbalances.
The basic compensation scheme for a plant with a current-type nonlinear load using a shunt APF is shown in Figure 1 . The APF is a three-phase voltage-source inverter (VSI) that has only a large capacitor on its dc link. The inverter is connected to the load at the point of common coupling (PCC) through an input inductor.
The APF operates as a controlled current source generating the load harmonic currents S h21 i h ( Figure 1) . As a result, the current drawn from the mains at the PCC will be sinusoidal. The APF will need an active fundamental current component i APF 1 to keep its dc-link capacitor charged at a voltage higher than the peak line-to-line voltage (to have enough voltage margin to control the currents that must be injected at the PCC). Since the APF reference currents are not sinusoidal, obtaining zero steady-state error is a challenging task.
In addition, the load input inductor ( Figure 1 ) is usually designed for a voltage drop of less than 5% of the mains voltage at rated current. As a consequence, for high-power loads, the load currents have high di/dt values, requiring very high slope variations of the reference currents. Thus, a key issue in APF control is the current-control strategy.
During the last two decades, different current-control solutions for active power filters [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] have been reported in the literature. The use of proportional-integral (PI) controllers is a simple and well-known solution that is effective only if the reference currents are dc signals.
For the case in which the reference currents are sinusoidal at the fundamental frequency (as happens for pulse width modulation (PWM) boost rectifiers, for example), the PI control is usually implemented in a rotating (synchronous) (d, q) reference frame aligned with the PCC voltage vector. In this case, the actual and the reference currents are dc signals for steady-state operation. For APFs, though, the fundamental components of the reference current (the active component to keep the dc-link capacitor charged and the reactive component for reactive power compensation) are dc values in the (d, q) synchronous reference frame aligned with the PCC voltage vector, but the reference components for harmonic compensation are oscillating components (far from dc signals) [2] . Therefore, the PI control cannot adequately track current references and results in steady-state error due to the finite controller gain. For 
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Since the performances of all the current controllers are rather similar, choosing the best solution should be strongly influenced by the ease of implementation and the execution time.
this reason, PI controllers are not suitable for active power filters unless the switching frequency is high enough to yield a satisfactory controller bandwidth [2] . High controller bandwidth is easily achievable by using nonlinear regulators, such as hysteresis controllers [7] . The major drawback of this solution, however, is that a variable switching frequency is obtained. A constant switching frequency can be achieved with adaptive algorithms, but a digital implementation would require fieldprogrammable gate array (FPGA)-based digital systems. Here, we focus only on DSP-based solutions.
The dead-beat (DB) schemes (sometimes featuring predictive algorithms) [9] [10] [11] [12] operate with constant APF switching frequency and are computationally effective. Nevertheless, the DB schemes are quite sensitive to parameter detuning and to the inverter dead-time effects that must be properly compensated.
On the other hand, the currentcontrol solutions based on selective harmonic compensation schemes (also known as frequency-selective schemes) [13] - [22] have proved to be very interesting in terms of performance, with acceptable computational requirements for industrial applications using up-to-date fixedpoint DSPs [21] . These methods can be applied when the harmonic spectrum of the distortion current i distortion ( Figure 1 ) to be compensated consists of harmonics that have well-known orders and sequences. When the load is supplied through a three-phase diode or thyristor front-end rectifiers, these harmonics are of order h 5 6k 6 1 (k 5 1, 2, . . .) of the fundamental frequency [13] . If we consider the fundamental frequency component as a positive-type sequence, the corresponding sequence representations of the current harmonics in stationary and synchronous reference frames are illustrated in Table 1 . Thus, it is possible to identify specific undesired harmonic currents, which are independently compensated according to a control scheme that has a modular structure depending on the preselected harmonics to be compensated [13] .
By comparing the performance of different digital, DSP-based currentcontrol techniques for shunt APFs requiring high-performance current control in applications with fast transients, we hoped to identify the most promising solution for an industrial implementation.
The current-control schemes implemented for the comparison were the following:
PI controller in a synchronous ref- [22] repetitive control [20] .
■
The current-control solutions were compared through simulations and experimental tests for a 25-kVA APF prototype using the same switching frequency and control tasks (excepting current control). In the case of current-control solutions based on selective harmonic compensation schemes, the harmonics were compensated up to the 25th harmonic of the load current (1,250 Hz). The main criteria for performance evaluation are the total harmonic distortion (THD) of the mains line current and the transient performance for fast load variations. In addition, the computational burden and design complexity for a 16-b fixedpoint DSP were also evaluated.
PI-SRF Controller
This current control is implemented in a (d, q) synchronous reference frame usually aligned with the PCC voltage vector. The basic scheme of the PI-SRF controller, shown in Figure 2 (a), should include decoupling and feedforward terms to improve the controller performance [6] since the reference components for harmonic compensation are oscillating components in a (d, q) synchronous reference frame. Zero steady-state error can be achieved only if the APF switching frequency is high enough to yield a satisfactory controller bandwidth [2] .
DB Controller
In a DB controller, the control algorithm calculates the APF phase voltage command to cancel the current error at the end of the following sampling period [9] [10] [11] [12] . The control algorithm, which ensures a DB response for the first-order system modeling on the APF input inductance L F , is [9] 
where k is the sampling instant and T s is the sampling period. , and the filter current components (i F,ab ). The main drawback of this method is related to the inaccuracy of the system parameters. In addition, the inverter nonlinear operation, due to the dead-time effects, must be taken into account.
PI-MRI Controller
If the current reference generation is implemented in a stationary reference frame, a possible solution for selective harmonic compensation is to use pure integrators operating in reference frames rotating at (6k 6 1) v 1 , (k 5 1, 2, . . .) with proper sequence, i.e., 25v 1 , 17v 1 , 211v 1 , 13v 1 , etc. [13] . If the current reference generation is implemented in the synchronous reference frame (d, q) rotating at the fundamental frequency v 1 , it is more convenient to use the integrators in multiple synchronous reference frames rotating at 6hv 1 , (h 5 6k, k 5 1, 2, ...) [14] [ Figure  2 for the harmonics of high order. For this reason, an additional compensation angle q ch must be included in the inverse rotational transformation from the harmonic reference frame back to the synchronous reference frame, as shown in Figure 3 . Considering the experimental tests performed for our comparison, best results are obtained if the compensation angle corresponds to two sampling periods T s , i.e.,:
P-SSI Controller
To eliminate the need of multiple rotating reference frames, a P-SSI controller [ Figure 2 (c)] [17] , [19] is based on the SSI [19] , which guarantees that the actual current tracks its sinusoidal reference (with zero steady-state error) and is tuned on a specified frequency v 0 . In the continuous time domain, the transfer function of a P-SSI controller is [19] 
where k p is the proportional gain, k i is the integral gain, and v 0 is the resonance frequency. Using SSI regulators provides a number of advantages. Using the concept of frequencyselective compensation, a P-SSI controller for an APF [ Figure 2 (c)] uses multiple SSIs in a stationary reference frame, tuned on selected current harmonics of order (6k 6 1), (k 5 1, 2, . . .) [19] . For the fundamental current component, a P-SSI regulator tuned on the fundamental frequency is used. Its main function is to control both the active current component needed to keep the dc-link capacitor charged at a specified voltage and the reactive current component for reactive power compensation. Unbalanced load compensation also can be implemented [19] since SSI regulators are able to deal with both positive and negative current sequence components. The block diagram used for one SSI in our comparison is shown in Figure 4 . The state-space model that corresponds to Figure 4 is [21] c d dt
where
The discrete form of (4) is given as follows:
where T s is the sampling time.
The delay caused by the sampling period causes SSI stability loss for large values of the resonance frequency v 0 . For this reason, a delay compensation scheme must be implemented. We have used the compensation scheme described in [21] : According to (3)- (5), the regulator states x 1 and x 2 are sinusoidal in steady-state conditions, having the same amplitude and being phase-shifted by 90 electrical degrees; for this reason, the compensation of the computation delay can be easily performed using the rotational transformation given by
where k $ 1 is the number of sampling intervals to be compensated. Considering the experimental tests performed for our comparison, best results are obtained with k 5 2. Another discrete form for SSIs with two sampling time delay compensation can be found in [19] . The control scheme of Figure 2 (c) has the advantage of not requiring rotational transformations, but many SSIs might be necessary to reach the required THD performance, making digital implementations computationally heavier than with a PI-MRI controller.
P-SSI-SRF Controller
Using the SSI property of operating on both positive and negative sequence signals, the P-SSI-SRF controller uses multiple SSI regulators, as shown in Figure 2 (d). One regulator, for the fundamental current component, is implemented in the stationary reference frame. The other regulators, for the current harmonics, are all implemented in a synchronous reference frame rotating at the fundamental frequency [21] and are tuned at 6kv 1 , (k 5 1, 2, . . .). In fact, each SSI is equivalent to two integrators rotating at 6hv 1 . This allows simultaneous compensation of two current harmonics with just one regulator and requires half the number of SSIs that are needed with the P-SSI controller. Implementations of P-SSI-SRF controllers on a 16-b fixed-point DSP are reported in [5] and [21] .
PI-RES Controller
This solution [ Figure 2 (e)] is a derivation of the P-SSI-SRF controller and uses the same idea of the simultaneous compensation of two current harmonics with one regulator. The PI-RES employs resonant regulators that are equivalent to two complex PI regulators rotating at 6v 0 [22] . In the continuous time domain, the transfer function of these resonant regulators is
where k p is the proportional gain, k i is the integral gain, and v 0 is the resonance frequency. In the PI-RES, the reference current i * F, ab has two components: i * F, ab1 for fundamental frequency control and i * F, abh for harmonic control [22] . For fundamental frequency control, a PI with a decoupling scheme [not shown in Figure  2 (e)] is used. For the harmonic control, the parameters of each resonant controller are calculated using the pole-zero cancellation technique for each frequency of interest. Thus, each resonant controller is equivalent to two PI controllers rotating at 6hv 1 having decoupled d and q axes. This results in an increase in the stability of the loop, avoiding delay compensation methods used for the previous techniques [22] .
Repetitive Control
This current-control strategy uses a repetitive-based controller along with a simple P (or PI) controller, as shown in Figure 2 (f). The repetitive controller uses a discrete Fourier transform (DFT), which has a frequency response approximately equal to the frequency response of the sum of SSIs used in the P-SSI control shown in Figure 2(c) [20] . The discrete transfer function of this DFT, which allows the implementation of the repetitive control with 100 taps for 10 kHz of switching frequency, is given by
where N is the number of taps, N h is the set of selected harmonic frequencies, and N a is the number of leading steps necessary to maintain the system stability [20] . Therefore, using (8) makes it possible to implement all the SSI filters of Figure 2 (c) using only this DFT of N coefficients in which the number of compensated harmonics is independent of N. This DFT filter can also be seen as a finite impulse response (FIR) filter [20] . The structure of the repetitive control is shown in Figure 2( the harmonic current at the source side. In our comparison, the repetitive control is implemented using a feedforward loop detecting the harmonic current at the load side. The difference between the two approaches does not change the performance of the current control. Following the scheme of Figure 2 (f), the error signal is calculated from i * F, ab and i F, ab ; after that, the DFT defined in (8) is used for precise tracking of the selected frequencies. A delay of N a steps is then needed in the feedback path to recover zero phase shift of the loop (F DFT (z) * z -Na ) at the desired frequencies. Also, the parameter K F determines the controller speed response. The output of this scheme gives the reference currents for the current control [20] .
Overall System Description
The current-control strategies were included in a digital control scheme for an APF that compensates the harmonics generated by a diode front-end rectifier, as shown in Figure 5(a) . The quantities measured from the system were: the load currents i L, abc , the APF currents i F, abcs , the PCC line-to-line voltages n abc , and the APF dc-link voltage n dc . The current control block receives as inputs the APF reference and measured currents in the stationary (a, b) reference frame, as well as the position of the PCC voltage vector computed by means of a phase-locked loop (PLL) scheme [21] . The block diagram of the APF control scheme, shown in Figure 5 Figure 5(b) . The reference generator scheme [21] , shown in Figure 6 , is implemented in the (d, q) reference frame aligned with the PCC voltage vector. The harmonics to be compensated are extracted by means of high-pass filters. The fundamental reactive reference component i * q, 1 is computed from the dc value of the q-axis load current component by means of the gain k PF , according to the desired power factor compensation strategy. This reference current generator is described in detail in [21] .
Simulation and Experimental Results
We compared the current-control solutions we've presented using simulations and experimental tests on a 25-kVA APF prototype [ Figure 5 )] is implemented on the dSPACE DS1103 development board. To guarantee the same conditions for comparison, this scheme was used for all the current-control techniques previously described. Also, all the control strategies were implemented with the same switching frequency, and the harmonics for frequency-selective techniques were compensated up to the 25th load current harmonic (1,250 Hz). The parameters of all the currentcontrol schemes tested were PI-SRF: It is important to note that all parameters were set to be equivalent to guarantee a fair comparison. For example, all proportional gains are equal; in the case of PI-RES current control, the equivalent proportional constant is 1k p 1 S h 2k ph 2 . The same equivalence is also valid for the integral gains of the multiple rotating integrators and sinusoidal integrators.
The source voltages for the experimental tests are balanced and distorted by the nonlinear load. It must be emphasized that the influence of the source voltages is important for the detection of the PCC voltage vector position q, with direct influence on the current reference computation. The PLL used for the experimental tests is described in detail in [21] . It is able to obtain a smooth PCC voltage vector position even under highly distorted PCC voltages [5] , so the current-control schemes should practically not be influenced by the PCC voltage distortion, making their comparison easier. 
Steady-State THD Performance
Some simulations have been performed to show the steady-state results of PI-SRF and DB current controllers [ Figure  7 (a)]. The results confirm our expectations about both techniques. Additionally, the experimental steady-state performance of the PI-SRF can be evaluated in Figure 7 (b)-(d). This experimental performance corresponds with the simulation result and confirms that the performance of PI-SRF and DB current controllers is inferior to the performance of current controls based on selective harmonic compensation. The steady-state performances of all the techniques based on selective harmonic compensation are very similar, as shown by the THD results in Table 2 . For this reason, only the steady-state experimental results for the APF using the PI-MRI controller are shown in Figure 8 (a) and (b). All the current controllers are stable and able to compensate up to the 25th harmonic.
A delay compensation method is required by the PI-MRI, P-SSI, P-SSI-SRF, and repetitive control starting from the 17th harmonic, while the PI-RES controller is stable.
Transient Performance
To evaluate the APF dynamic performance, two different tests have been considered. In the first case, the APF is operating, and the load is turned on and off; in the second test, the load is running, and the APF control enables and disables only the current harmonic compensation. The APF transient response for all the current controls based on selective harmonic compensation techniques is described in Figure 9 (a) -(j). As the load is initially disconnected from the PCC in the load turn-on test, the transient time of the current controllers is affected by the reference generator time response. In the second transient test, the reference generator is in steadystate operation, and the transient time is due only to the current-control operation. For all the controllers, the reference current, the actual current, and the current error for the a-axis are shown in Figure 10 (a)-(e). Note that the slowest response is that of the repetitive controller, while the other controllers provide similar transient performance.
Computational Burden and Design Complexity
The ease of implementation and the execution time, considered important issues for industrial applications, have also been compared. To compare the computational burden of the current controllers, the PI-MRI scheme, the P-SSI-SRF scheme, and the repetitive control scheme were implemented in a 16-b fixed-point TMS320LF2407A DSP, with a 40-MHz clock frequency. The execution times for these currentcontrol schemes are shown in Table 3 . Considering only the current-control execution time, the DSP takes 20 µs to perform the P-SSI-SRF current-control computation. Considering the PI-MRI and repetitive controls, the execution time increases to 28 µs and 49 µs, respectively. However, it is also important to consider the execution time for the whole control implementation in the case of the PI-MRI control because the computational burden is highly affected by the increased complexity of the PLL algorithm. Considering this scenario, the DSP execution times for the P-SSI-SRF, PI-MRI, and repetitive control are 67 ms, 85 ms, and 96 ms, respectively, and the P-SSI-SRF advantage increases.
Regarding the execution time for the P-SSI, it is intuitive that the complexity is more or less doubled when compared with the P-SSI-SRF. In the case of the PI-RES control, the complexity is similar to that of the P-SSI-SRF control. Considering the same number of compensated harmonics, the difference between these two current controllers regards only the delay compensation method. Considering the case presented here, in which the current controls compensate up to the 25th load current harmonic, the P-SSI-SRF needs two additional rotational transformations to perform the delay compensation method for the pairs of harmonics (17th, 19th and 23rd, 25th).
For fixed-point DSPs, the repetitive and PI-MRI current controllers are more attractive in terms of design complexity since they are implemented using the well-known FIR filter structures and integrators, respectively. In addition, the routines for an integrator, rotational transformations, or FIR filters can be easily implemented. Another important aspect concerning the repetitive control is the smaller number of parameters to be tuned.
Conclusions
We have presented a performance comparison of different DSP-based current-control techniques for shunt APFs requiring high-performance current control. The current-control solutions have been compared through simulations and experimental tests on a 25-kVA APF employing the same switching frequency (10 kHz) and the same remaining control tasks. The current controllers based on selective harmonic compensation performed better than the PI-SRF and DB controllers. With the PI-MRI, P-SSI, P-SSI-SRF, and PI-RES, increasing the number of compensated harmonics is possible but not justified, due to the controller complexity and computational burden. With the repetitive control, this complexity does not change by increasing the number of compensated harmonics. And when compared with other frequency-selective techniques, the repetitive control has a smaller number of parameters to be tuned.
The main criteria for performance evaluation are the THD of the mains line current and the transient performance for fast load variations. Concerning THD evaluation, all the frequency-selective techniques obtained good results with very similar performance. All the current controllers are stable and able to compensate up to the 25th harmonic. A delay compensation method is required by the PI-MRI, P-SSI, P-SSI-SRF, and the repetitive control starting with the 17th harmonic, while the PI-RES controller does not need delay compensation up to the 25th harmonic. The transient experimental tests show that the repetitive controller has the slowest response, while the other controllers provide similar transient performance.
Since the performances of all the current controllers are rather similar, choosing the best solution should be strongly influenced by the ease of implementation and the execution time. In terms of fixed-point DSPs, the repetitive and PI-MRI current controllers appear to be more attractive since, as stated earlier, they are implemented using the well-known FIR filter structures and integrators, respectively. Additionally, the routines for an integrator, rotational transformations, or FIR filters can be easily obtained. In terms of code generation and execution time, however, the P-SSI-SRF and PI-RES require less code, and they are faster than the PI-MRI since they do not require multiple rotational transformations [21] . The execution time of the repetitive controller is strongly influenced by the number of coefficients N used by the FIR filter [20] ; the repetitive controller implemented in our comparison has N 5 100, resulting in an execution time higher than the other controllers. and power conditioning systems, and he has published more than 40 papers in international journals and conference proceedings. He is a Member of the IEEE.
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